Abstract The boiling 5-M-NaOH treatment was found to aid in the identification and characterization of goethite and hematite by effectively concentrating the two Fe oxides in kaolinitic-gibbsitic soil clays. No transformations of goethite to hematite or hematite to goethite were detected, but poorly crystalline, highly Al-substituted goethite was found to dissolve and recrystallize into a more well-crystalline, less Al-substituted goethite in samples low in Si. The Si released from kaolinite was sufficient to block goethite dissolution and recrystallization in kaolinitic samples, but noncrystalline silica had to be added to samples rich in gibbsite to minimize this effect.
INTRODUCTION
Poor crystallinity and low concentrations of Fe oxides in soils and sediments are generally responsible for the difficulty in their identification and quantification. This difficulty has hampered our knowledge about this important group of minerals in the weathering environment. In order to concentrate Fe oxides from such materials, Norrish and Taylor (1961) used a boiling 5-MNaOH treatment for kaolinitic-goethitic samples to remove kaolinite and were thus able to determine the degree of A1 substitution of the goethites. Since then, this method has been used only occasionally (Janot et al., 1971; FSlster, 1971; Davey et al., 1975; Resende, 1976; Bigham et al., 1978; Kitagawa and Mrller, 1979; Torrent et al., 1980) , perhaps because of the possibility that the rather drastic treatment might alter the Fe oxides with respect to form, crystallinity, and substitution. This possibility was supported by work on synthetic and natural Fe oxides (Kojima, 1963; Petit et al., 1964; Janot et al., 1971) in which transformations and increased crystallinity of goethite were observed. On the other hand, a milder treatment using 1.25 M NaOH at 75~ (Mendelovici et al., 1979) did not remove kaolinite completely.
It seems desirable, therefore, to test the 5-M-NaOH method in some detail to find out the possible alterations of Fe oxides by this treatment. Therefore, the effect of the NaOH treatment on the form, crystallinity, and A1 substitution of natural and synthetic goethite, hematite, ferrihydrite, and lepidocrocite was studied, and efforts to improve themethod in such a way as to avoid possible alterations were made. 1On leave from: Departimento Solos, Fac. Agronomia-UFRGS, Porto Alegre, Brazil.
MATERIALS AND METHODS

Materials
Synthetic Fe oxides. Synthetic Fe oxides were prepared as follows: Goethite DL 18 was prepared by air oxidation at pH 7 and 25~ of a 0.05 M FeC12-0.05 M NaHCO3 mixed solution; Al-goethite G2B3II (31 mole % A1), by slow air oxidation at 25~ of a 0.05 M FEC12-0.025 M AICI3 mixed solution brought to pH 11.2 with KOH; goethite GNK2, by storing a 0.1 M Fe(NO3)3 solution at pH 13 for 14 days at 25~ M-hematite HNK3 (10 mole % AI), by storing a 0.1 M Fe(NO3)3-0.011 M Al(NO3)3 mixed solution at pH 7 and 50~ for 90 days; ferrihydrite FhNK1, by precipitating a 0.1 M Fe(NO3)3 solution at pH 13 and 25~ with 5 M NaOH and immediate washing; and lepidocrocite P23, by oxidizing a 0.1 M FeC12 solution at pH 7 with air at room temperature. The purity of the synthetic samples was checked by X-ray powder diffraction (XRD).
Natural Fe oxides. Hematitic-goethitic-kaolinitic clay fractions of Inceptisols, Ultisols, and Oxisols and a gibbsitic-goethitic saprolite were used, all from basalt in Southern Brazil (KSmpf, 1981) .
Si sources. Kaolinite from Rosenthal, FRG, and noncrystalline silica Cab-o-Sil from Cabot GmbH, Hanau, FRG, with 1.83% H20 (110~ were used as Si sources. (Norrish and Taylor, 1961) . One hundred milliliters of 5 M NaOH was added to a 1-g sample in a covered 150-ml Teflon beaker. The mixture was boiled for 60 min on a sandbath and after cooling transferred to centrifuge tubes. The sample was spun down, the clear liquid was discarded, and the sample was washed once with 5 M NaOH, once with 0.5 M HC1 (15-20 min of contact) to dissolve sodalite, twice with 1 N (NH4)2CO3 to remove NaCI, and twice with distilled water to remove excess NH4 and CO3. The sample was then transferred to a glass beaker and dried at I10~ overnight to volatilize the remaining (NH4)2CO3. The (NH4)2CO3 step was preferred over ethanol or acetone washing because of better flocculation. (Mackenzie and Robertson, 1961) . One hundred milliliters of 1.25 M NaOH was added to a 400-mg sample in 250-ml centrifuge tubes and heated to 75~ in a waterbath. For treatments up to 14 days, the samples were kept in closed plastic bottles in an oven. After treatment, the samples were washed and dried as in the 5-M-NaOH treatment.
Methods
5-M-NaOH treatment
1.25-M-NaOH treatment
X-ray powder diffraction (XRD).
Powder samples mounted on Perspex plastic holders and pressed against filter paper were examined on a Philips diffractometer equipped with a graphite monochromator using CoKa radiation at 1A~
(25 mA, 35 kV; 2-sec time constant; 1 ~ divergence slit, 0.2-mm receiving slit, 1 ~ scatter slit). The goethite/hematite ratio was estimated from the integrated intensity of the goethite 110 and the hematite 102 peak. The d-values of the 111 line of goethite and the 110 line of hematite were used for estimating the amount of AI substitution with an error of -2 mole % AI (___0.05~
Transmission electron microscopy (TEM). Samples suspended in ethanol were spread on carbon-coated grids and air dried. The samples were examined on a Zeiss-EM-10A/B electron microscope.
Fe extraction. Total oxidic Fe was determined by extraction with dithionite (Fed) after Mehra and Jackson (1960) and oxalate extractable Fe(Feo) after Schwertmann (1964) .
RESULTS
Synthetic Fe oxides
The 5-M-NaOH treatment of goethite DL 18 produced stronger and sharper XRD peaks (Table 1) Table 1 ). As d(111) did not change (Table 1) , no A1 was apparently taken up by the goethite because of the extremely high OH concentration (Lewis and Schwertmann, 1979) . A decrease in the ratio of oxalate- extractable to dithionite-extractable Fe (Feo/Fed) also indicates the improvement of crystalfinity, whereas when kaolinite was added, a smaller reduction in the Feo/Fed ratio was noted (Table 1) . That the recrystallization proceeded via solution is shown by the behavior of Al-goethite G2B3II. The newly formed, well-defined crystals (cf. Figures 2a and 2b ) had only 10% A1 substitution as compared to 31% in the original goethite (Table 2) . Here also the addition of large amounts of kaolinite was very effective in reducing recrystallization ( Figure 2c ) and AI loss (Table 2 ). In contrast, with Al-hematite HNK3 neither the A1 substitution nor the width at half height (WHH) of the 104 (0.33~ and 110 (0.20~ lines were changed by the NaOH treatment. However, an increase in I(104)/I(110) from 0.95 to 1.27 took place. If one of these reflections were to be used for a quantitative estimation of hematite in mixtures, this change in intensity might be interpreted as a change in hematite proportion (see next paragraph). However, the change in the I(104)/1(110) ratio can easily be interpreted as a dispersion effect of NaOH on the hematite crystals which results in some orientation of the hematite platelets on the sample holder and to an enhancement of the near-basal 104 reflection as opposed to the non-basal 110 reflection (Schwertmann et al., 1968) . This interpretation is supported by the fact that a sample taken from the suspension after a NaOH dispersion treatment at room temperature also showed a higher I(104)/I(110) ratio (1.37) than a sample taken from the flocculated sediment at the bottom (1.05).
Schwertmann
Clays and Clay Minerals
The poorly crystalline, synthetic ferrihydrite transformed to hematite on 5-M-NaOH treatment (Figure 3 ). The addition of 50% kaolinite, however, completely blocked this transformation. Only the crystallinity of the ferrihydrite improved slightly, as indicated by a slight shift, a narrowing, and an enhancement of the main ferrihydlite peak at -2.5 A. Adding 50% quartz caused only partial inhibition of the transformation to hematite, probably because the Si concentration in solution produced by quartz is much lower than that produced by kaolinite. This result shows that dissolved Si is possibly the blocking agent for recrystallization and is in agreement with earlier observations on such an effect on the formation of lepidocrocite (Schwertmann and Thalmann, 1976) and goethite (Schwertmann and Taylor, 1972 ). The addition of 30 mole % A1 also retarded the transformation to hematite but no A1 was taken up by the hematite. When 50% synthetic goethite was added, the ferrihydrite converted solely to goethite instead of hematite. Goethite obviously has a strong nucleation effect and thereby accelerates the formation of new goethite to such an extent that hematite no longer forms, even in the presence of A1. A1 is here also not taken up by the goethite.
Thus, ferrihydrite in natural samples or ferrihydrite formed from Fe in kaolinite after its dissolution in 5 M NaOH will not transform to goethite and/or hematite as long as the concentration of Si in solution is sufficiently high.
Lepidocrocite P23 transformed more readily than goethite or hematite. In a hl mixture of goethite and lepidocrocite, the lepidocrocite was completely converted by the 5-M-NaOH treatment into a mixture of 82% goethite and 18% hematite. The addition of 50% kaolinite produced a 60:40 mixture of goethite and lepidocrocite, indicating that kaolinite retarded the transformation to goethite and inhibited the transformation to hematite, in agreement with earlier results on the influence of Si on the lepidocrocite to goethite transformation (Schwertmann and Taylor, 1972) .
Goethite/hematite ratio
Preliminary tests showed that the composition of a 50/50 goethite-hematite mixture changed to a ratio of Figure 5 . Electron micrographs of a natural Al-substituted goethite (GP3I) (a) before, (b) after one treatment with 5-M-NaOH, (c) after three 5-M-NaOH treatments and (d) after treatment with 5 M NaOH + 50% kaolinite. 53/47 and 52/48 after a 5-M-NaOH treatment without or with an addition of 50% kaolinite, respectively. These values are within experimental error. With 50/50 mixlures of synthetic hematite HNK3 and either synthetic goethite GNK2 or the natural goethite GP3I, slight changes of the Gt/(Gt + Hm) ratios did occur even after the addition of 50% kaolinite. However, because a transformation of goethite to hematite or vice versa did not occur with the single synthetic phases, it is most likely that these changes are due to variations in line intensity resulting from either recrystallization of goethite or dispersion effects of hematite as described above. A transformation of goethite to hematite is also unlikely because the added hematite did not change its AI substitution and WHH which could be expected if neoformation of hematite had occurred. (102), calculated using IreL-2 lobs. = observed intensity. IreL = intensity relative to untreated sample.
3 WHH = width at half-height.
Soil iron oxides
A1 substitution was compared before and after treatment because the degree of A1 substitution proved to be a more sensitive measure of the effect of the NaOH treatment than the transformation of goethite or hematite. The exact position of the 111 line of goethite could, however, not be ascertained unless most of the interferring kaolinite had been removed. This was accomplished by a comparably mild treatment (1.25 M NaOH at 75~ for 14 days) which removed most of the kaolinite, but, as concluded from the natural goethite GP3I (see below), did not change A1 substitution. This treatment was therefore taken as a reference.
Only 3 of 18 goethites with the highest A1 substitution showed a significant decrease in substitution after the 5-M-NaOH treatment (Figure 4) . Making the 5-M-NaOH solution 0.2 M in Si by adding noncrystalline silica completely prevented the AI loss.
The mechanism of the alteration of goethites was, therefore, studied in more detail with two goethites from a hematite-free saprolite consisting only of goethite, gibbsite, some magnetite (which was removed by magnetic separation) and ilmenite. There was no difference in A1 substitution between a 0.5-M-NaOH boiling treatment for 2.5 rain and a 60-min, 1.25-M-NaOH treatment at 75~ (Table 4) . Most likely, those treatments which removed gibbsite completely (but not kaolinite) left the goethite practically unaltered. This is also supported by TEM micrographs (not shown). In contrast, one, two, or three consecutive 1-hr treatments with boiling 5 M NaOH increasingly removed the A1 in the goethite down to 9 mole % A1. In a goethite sample from another saprolite the A1 substitution dropped from 21 to 12 mole % after a single treatment. TEM photos show that the original highly serrated crystals (Figure 5a ) dispersed 1 Based on Vegard rule (Vegard, 1921) . 2 WHH = Width at half-height. 3 95% confidence interval.
into many subrounded, smaller crystals (Figure 5c ), along with larger lath-shaped crystals (Figure 5b ).
Fifteen minues after starting the boiling 5-M-NaOH treatment, the Fe concentration in solution was 2.60 mg/liter corresponding to 0.047% of the goethite in the sample. The AI substitution dropped from 25 to 17-18 mole % and remained practically constant during the whole 2-hr treatment. Obviously the build-up of A1 released from gibbsite blocked further A1 loss from goethite. Only after replacing the extracting solution with a fresh one was additional AI released (see second and third treatments in Table 4 ). As with the synthetic goethite, the addition of 50% kaolinite effectively prevented most of the A1 loss. Recrystallization was also inhibited by Si in solution, and crystal morphology remained essentially the same (Figure 5d ).
To determine the Si concentration necessary to prevent a change in AI substitution, the natural and synthetic Al-goethites were treated with 5 M NaOH solutions with Si concentrations between 0 and 0.19 M. With increasing Si concentration, loss of A1 was continuously reduced ( Figure 6 ). Thus, the mechanism responsible for this effect is the inhibition of goethite nucleation in solution by soluble Si. No evidence of hematite formation during the treatment of goethite GP3I was observed even after 3 consecutive treatments. The temperature (109~ of the boiling 5 M NaOH was obviously not high enough for the transformation. Petit et al. (1964) and Janot et al. (1971) observed a transformation of goethite to hematite only at 138~ and 145~ respectively.
Concentration effect of the treatment
The concentration of iron oxides by the NaOH treatment in different clay fractions was between 3-and 20-fold. Examples of XRD traces before and after treatment are given for a gibbsitic sample containing goethite and some cristobalite ( Figure 7 ) and a kaolinitic sample with hematite, goethite, and some quartz (Figure 8 ). Kaolinite and gibbsite were completely dissolved, whereas quartz and cristobalite remained. The resulting XRD traces easily permit quantitative determination of goethite and hematite in these soils for pedogenetic studies (K~npf and Schwertmarm, 1982) . The concentration effect was much smaller in clay fractions dominated by 2:1 layer silicates. However, in a smectitic sample from a Vertisol with 1% Fed, the treatment concentrated the Fe oxides sufficiently to identify goethite. Concentration factors of 2.5-3 were obtained in illitic-smectitic soils clays from Germany (Sch~ert-mann et al., 1982) .
CONCLUSIONS
The 5-M-NaOH boiling treatment of Norrish and Taylor (1961) is a useful method to concentrate Fe oxides in soil clays for further identification and characterization and does not change the relative proportions of goethite and hematite. No change in crystallinity or in A1 substitution occurs as long as the Si concentration in the treating solution is sufficiently high. With kaolinitic samples, sufficient Si is supplied by the dissolution of kaolinite. If the kaolinite concentration is low, however, noncrystalline silica (e.g., Cab-o-Sil) should be added to aChieve an Si concentration of approximately 0.2 M in the 5 M NaOH solution. Since it was introduced by Norrish and Taylor in 1961 the method has been used successfully to identify and characterize goethite and hematite in a range of soils.
